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Abstract 

Gene loss is an important process in genome evolution, though its power is often underestimated. If a gene is present at the root 
of a phylogenetic tree and can be lost in one lineage across the tree, it can potentially be lost in all, leading to gene extinction. Just 
before gene extinction, there will be one lineage that still retains the g ene, g enerating a “last-one-out” distribution. Such an isolated 

gene presence will emulate the result of recent lateral gene acquisition, even though its distribution was generated by loss. How 

pr oba b le is it to observe “last-one-out” distributions in real data? Here , w e mathematically derive this probability and find that it is 
surprisingl y high, de pending upon the tr ee and the gene loss r ate . Examples fr om r eal data show that loss can r eadil y account for 
observ ed fr equencies of last-one-out g ene distributions that might otherwise be attributed to lateral g ene transfer. 

Ke yw ords: gene loss; lateral gene transfer; birth–death process 
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Introduction 

Gene loss is an important and ubiquitous mechanism of genome 
e volution. In pr okaryotes, gene loss acting on the whole genome 
is tr aditionall y called r eductiv e e volution (Andersson and Kur- 
land 1998 , van Ham et al. 2003 , Oshima et al. 2004 , Hosokawa et 
al. 2006 ) and can result in miniscule genome sizes in parasites 
and endosymbiotic bacteria, the current record being Macroste- 
les quadrilineatus (Moran and Bennett 2014 ) an endosymbiotic 
bacterium of leafhoppers that harbors only 137 protein-coding 
genes. Reductiv e e volution is also observ ed in symbiotic arc haea 
(Waters et al. 2003 ) and in eukaryotes, especially among intracel- 
lular parasites (Tovar et al. 2003 , Nicholson et al. 2022 ). Genome 
r eduction thr ough gene loss is also the centr al underl ying theme 
of genome evolution in mitochondria and plastids, the endosym- 
biotic organelles of eukaryotic cells (Moore and Archibald 2009 ),
which can sometimes lose their genomes altogether (Müller et 
al. 2012 ), because many genes lost from organelle genomes have 
been tr ansferr ed to the nucleus (Martin et al. 1998 , Timmis et al.
2004 ). In eukaryotes, gene loss is also very common and partic- 
ularly well studied following whole-genome duplications (Blanc 
and Wolfe 2004 , Kellis et al. 2004 , Brunet et al. 2006 , Scannel et al.
2006 ), where duplicate gene copies are rapidly lost by mutation,
restoring diploid genetics in chromosome polyploids (Blanc and 

Wolfe 2004 ). Additionally, gene loss is often seen as a driving fac- 
tor in genome evolution (Olson 1999 , Albalat and Cañestro 2016 ,
Guijarro-Clarke et al. 2020 ). In general, if a gene belonging to a 
clade can be lost once in one lineage during evolution, it can be 
lost again in other lineages as well. 

In compar ativ e genome studies, gene loss is easy to detect if 
losses are rare, as shown in Fig. 1 . If most genomes in a sample 
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ontain a given gene of interest, but one or a few do not, there
an be little doubt that gene loss has occurred in the genomes
acking the gene. But the more common loss is, the more diffi-
ult it becomes to distinguish fr om later al gene tr ansfer (LGT). If
 given gene is present in about half of the genomes in a sample,
he decision between loss and LGT becomes a matter of weighing
he r elativ e pr obabilities of LGT and gene loss, entailing an a priori
ssumption that LGT is r oughl y as common as loss. In eukary-
tes, gene loss is m uc h mor e common than LGT fr om pr okary-
tes (Ku et al. 2015 , Ku and Martin 2016 ). But there have been
 number of highly publicized claims for widespread LGT to eu-
aryotes, though, for example “hundreds” of LGTs in the human 

enome (Consortium 2001 ) or fully “17%” of the tardigrade (a prim-
tive animal) genome being the result of recent LGTs (Boothby et
l. 2015 ). Both the human genome LGT claims and the tardigrade
GT claims were reinspected and turned out to be data contam-
nations and data inter pr etation pr oblems, not LGT (Salzber g et
l. 2001 , Stanhope et al. 2001 , K outso voulos et al. 2016 , Salzberg
017 ). Most reports of LGT in eukaryotes are not critically rein-
pected, but they are highly cited (Martin 2017 , Keeling 2024 ).
onetheless, ther e ar e cases wher e contaminations can effec-

iv el y be ruled out—for example when a gene in question is ob-
erved in the genome sequence of several individuals from a given
pecies (K outso voulos et al. 2016 ). Distributions of the type seen in
ig. 1 (c) are observed in real data for eukaryote genomes, where
GT might appear to be the most likely cause, because the pos-
ibility of many independent losses as the cause of the pattern
ould seem, at face v alue, extr emel y unlikel y. 
But is gene loss leading to last-one-out topologies r eall y un-

ikely? Or do we just assume it is unlikel y, ther eby opting to sug-
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red or transformed in any way, and that the work is properly cited. For 

https://doi.org/10.1093/femsle/fnaf051
https://orcid.org/0000-0003-2319-6424
mailto:nico.bremer@hhu.de
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:journals.permissions@oup.com


2 | FEMS Microbiology Letters , 2025, Vol. 372 

Figure 1. Hypothetical phylogenetic species trees showing the presence and absence of genes across all species in the trees. A circle with a cross 
indicates that the gene is present in this species, an empty circle indicates that a gene is absent. (a) A distribution where gene loss most likely 
a ppear ed on the br anc hes to two species. (b) A case where the distribution of the genes that are present and absent is almost equal across the species 
tree . T he decision between LGT and gene loss is highly dependent on the weighing of their r elativ e pr obabilities. (c) Illustr ates a case wher e the gene is 
onl y pr esent in one species. An easy (but not necessaril y true) explanation for this would be LGT. This gene distribution acr oss the tr ee can also be the 
result of a minimum of four gene losses if the gene was already present at the root node. 
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Figure 2. Hypothetical phylogenetic tree T with the subtrees T 1 , T 2 ...T k 
and br anc h length � . 
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est that LGT was at work without e v en testing the possibility that
he distribution is actually the result of many independent losses.
r e ther e e v en tools av ailable to test suc h a case? T his ans wer,
ntil now, has been no. Many analytical tools to study prokary-
tic genomes are currently in use that employ different and usu-
ll y pr edetermined gain/loss r atios that ar e designed to differ-
ntiate between loss and LGT (Goodman et al. 1979 , P a ge 1994 ,
ansal et al. 2012 , Szöll ̋osi et al. 2013 ). In many cases, the over-
ll av er a ge r atio of gene loss to LGT ends up being close to 1 in
uc h a pplications, for ob vious r easons. If loss pr edominates, then
enomes steadily decrease in size across the reference tree (that
s, ancestral genomes inflate), and if LGT predominates, genomes
teadil y incr ease in size across the r efer ence tr ee (that is, ances-
ral genomes become too small) (Dagan and Martin 2007 ). Some
ools for estimating loss versus LGT in current use can entail dif-
erences in loss versus transfer probabilities for individual genes
hat differ by 20 orders of magnitude (Bremer et al. 2022 ). 

If gene loss is the predominant mode of genome evolution for a
iven gene in a giv en gr oup, it will become lost in many lineages,
ltimately in all. Just before the gene goes extinct in the group,
o w e v er, ther e will exist a state in which the gene is present in
nly a few genomes, and finally, over time, only in one genome
f the group. If this gene is in a eukaryote, but has homologs in
rokaryotes, gene loss in eukaryotes will produce a pattern that

ooks exactly like LGT: The gene is present in prokaryotes and
ne (or a few) eukaryotes. Under a loss-only mode of evolution,
he last-one-out looks like an LGT, but the pattern was generated
olel y thr ough gene loss. Her e, we addr ess the question of how
ikely it is to observe a last-one-out gene distribution under loss-
nly models. 

esults 

a thema tical modeling and algorithms 

e now describe mathematical and computational methods to
nv estigate the pr obability of last-one-out scenarios in both syn-
hetic and real trees. We assume that each gene in a phylogeny
an be lost along each lineage of a tree according to a continuous-
ime Markov process with loss rate μ, and which operates inde-
endentl y acr oss genes and linea ges. 

ecursion for a gi v en tree 

et T be a rooted tree with a stem edge of length � , and let T 1 , T 2 ...T k
enote the subtrees of T incident with this stem edge, as shown in
ig. 2 . Although the lengths of edges may correspond to time, and
o be ultrametric, the algorithm described in this first section does
ot assume that edge lengths are ultrametric. Let π+ 

T denote the
robability that a gene g that is present at start of the stem edge
f T is present in exactly one leaf of T , and let π+ 

i denote π+ 
T i 

(the
orr esponding pr obabilities for the subtr ees T 1 ...,T k ). To calculate
+ 
T r ecursiv el y, we also need to calculate the pr obability πT that g

s not present at any of the leaves of T , and we let π i denote πT i . 
Note that if T consists of just a single stem edge of length � (the

ase case in the recursion), then πT = 1 − e −μ� and π+ 
T = e −μ� . Thus

e may suppose that k ≥ 2. The following result (proved in the Ap-
endix) provides a polynomial-time way to compute these quan-
ities r ecursiv el y via dynamic pr ogr amming (pr ogr essing fr om the
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leaves to the root). Note that both Parts (i) and (ii) are required for 
computing π+ 

T . 
Pr oposition 1. For the tr ee shown in Fig. 2 , the following recur- 

sions hold: 

πT = 

(
1 − e −μ� 

) + e −μ� π1 π2 ...πk , (1) 

π+ 
T = e −μ� π1 π2 ...πk 

( 

π+ 
1 

π1 
+ 

π+ 
2 

π2 
+ ... + 

π+ 
k 

πk 

) 

. (2) 

For binary trees, Equation (2) simplifies to: 

π+ 
T = e −μ� ( π1 π

+ 
2 + π+ 

1 π2 ) . (3) 

If ther e ar e G ≥ 1 genes present at the top of the stem edge of T ,
and losses occur independently among the genes (each with rate 
μ), then the number of genes that appear in just one leaf of T has 
a binomial distribution with parameters ( G, π+ 

T ). 
To illustr ate Pr oposition 1 with a simple example, consider the 

tr ee in Fig. 2 , wher e eac h of the subtr ees T 1 ..., T k is a single leaf
at the same distance from the root, and � = 0 (the “star tree”).
Under the gene-loss model, a gene that is present at the root of 
the tree will be present at exactly one leaf of this tr ee pr ecisel y 
if ther e ar e exactl y k − 1 loss e v ents . T his might seem very un-
likel y for lar ge v alues of k . Ho w e v er, the pr obability of this e v ent
can be as large as e −1 = 0 . 367 even as k becomes large , pro vided 

that μ is chosen appropriately (and dependent on k ); details are 
provided in the “Analysis of the star tree” section of the Appendix.
Ne v ertheless, if we consider the posterior value of this probability 
by taking a uniform prior on 1 − e −μ (setting the height of the 
tree to 1), then this posterior probability tends to 0 as the number 
of leaves of the tree ( k ) grows . T he proof of these claims and the 
analysis of this star tree when we allow � > 0 are provided in the 
Appendix. Of course, the star tree is a highly nonbinary tr ee, whic h 

raises the question of whether π+ 
T can be close to e −1 when T is bi- 

nary and the number of leaves is large . T his is indeed possible: we 
can simpl y r esolv e the pol ytomy at the r oot by using very short 
interior edges to obtain a binary tree for which π+ 

T will be close to 
the corresponding value for a star tree and hence can be close to 
e −1 for a suitably chosen value of μ. Ho w ever, for trees generated 

by simple phylodynamic models, this is no longer the case, as we 
demonstrate in the next section. The analyses in this manuscript 
mainly focus on binary trees. 

Random trees 

Suppose now that T is generated by a standard birth–death model 
(Kendall 1948 , Lambert and Stadler 2013 ) with speciation rate λ
and extinction rate ν, starting from a single lineage at time t in 

the past. The tree T is now a random variable, denoted T t , and 

the number of species at the present (denoted N t ) is also a ran- 
dom variable and has a (modified) geometric distribution with ex- 
pected value E [ N t ] = e ( λ−v ) t . We will suppose that λ > ν since 
otherwise the tree T t is guaranteed to die out as t grows. Let π+ 

t be 
the probability that a gene g that is present at start of the stem 

edge of T t is present in exactly one leaf of T t . The following result 
pr ecisel y describes the maxim um v alue that π+ 

t can take as μ (the 
rate of gene loss) varies over all possible positive values . T he short 
proof is provided in the Appendix. 

Proposition 2. 

max 
μ

π+ 
t = 

1 

( 1 + λt ) 2 
= 

1 (
1 + 

ln E [ N t ] 
1 − v 

λ

)2 . (4) 

Notice that although max μπ+ 
t → 0 for Yule trees as they grow in 

their expected size, the conv er gence is quite slow as a function of 
the expected number of leaves of the tree, due to the presence of 
he logarithmic function on the right of Equation (4 ). Also, if there
re G ≥ 1 genes present at time 0, then the expected number of
enes that will be present in just leaf of T t is G · π+ 

t . Ho w e v er, in
ontrast to Proposition 1(iii), the number of genes present in just
ne leaf of T t is no longer binomially distributed, since this num-
er is now a compound random variable because it is dependent
n the random variable T t . 

To illustr ate Pr oposition 2, consider (pur e–birth) Yule tr ees (i.e.
= 0 ) with an expected number of 150 lea ves . T hen max μπ+ 

t ≈
 . 028 , and so for 10 000 independent genes and this optimal rate
f gene loss, the expected number of genes that would be last-
ne-out (i.e. present in just one leaf of these Yule trees) would be
round 280. This provides some insight into the results described
n the next section. 

pplication to real genome data 

o test this algorithm on real genome data we chose the example
f genes in eukaryotic genomes that have homologs in prokary- 
tes but that are present in only one or a few eukaryotic lineages.
uc h patterns ar e taken as e vidence for the workings of differen-
ial loss, under the assumption that loss will gener ate suc h pat-
erns (Ku et al. 2015 ), or as evidence for the workings of LGT (Cote-
’Heureux et al. 2022 ) under the assumption that LGT rather than
oss generates such patterns . T he calculation of the probability of
 gene being present at the root node and remaining in exactly
ne leaf of a eukaryotic tree requires a rooted species tree and a
ene loss rate μ. Reconstructing a eukaryotic species tree is chal-
enging, and there is currently no consensus on the position of the
 oot (K eeling and Burki 2019 , Burki et al. 2020 ). Although the loss
ates can be adjusted and av er a ged acr oss a r ange of v alues, the
ac kbone tr ees with all their nodes, br anc hes and br anc h lengths
re not that easily adjustable. 

We started by investigating a set of ten eukaryotic gene trees
ith 150 leaves each. These gene trees need not be re presentati ve
f the true phylogeny of eukaryotes, nor need they show a pat-
ern of gene distribution that could be indicated as LGT. They are
ust used to test the algorithm, whereby the different trees were
elected mer el y to show that differ ent phylogenies can hav e an
nfluence on the calculated probability of a gene being present
t the root node and remaining only in one leaf of a eukaryotic
r ee. Furthermor e, the differ ent gene tr ees with 150 leav es pr ovide
n opportunity to estimate the ov er all pr obability of observing a
ast-one-out pattern if we consider thousands of eukaryotic genes 
ith prokaryotic homologs (Fig. 3 ). In Fig. 3 , we assume that 10 000

enes wer e pr esent in the last common ancestor of 150 eukary-
tes. For those trees, the mean probabilities across a range of dif-
er ent loss r ates μ, wher e 1 − e −μ r anges fr om 0 to 1, r esult in 232
lo w est mean) to 790 (highest mean) last-one-out cases that would
ook like LGT but actuall y ar e the result of differential loss in a
oss-only mode of evolution for a 10 000 gene ancestral genome.
ooking at the median, we would find 11 (lowest median) to 755
highest median) cases, depending on the tree itself. Since loss
 ates ar e not constant ov er time, we cannot assume that these
ercenta ges r esemble the “r eal” amount of those cases due to dif-
erential loss . T his first look into the data with our new tool does
ho w, ho w e v er, that last-one-out cases are by no means so r ar e
hat they can be excluded a priori . If the loss rate is ideal, meaning
hat the maximum probability of last-one-out cases for the given
r ee is ac hie v ed, w e w ould see betw een 532 (lo w est maximum)
nd 2502 (highest maximum) out of the 10 000 genes resulting in a
ast-one-out scenario, which is a substantial frequency. T hat is , in
 study of 10 000 gene families present in the eukaryotic common
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F igure 3. Ten eukary otic gene tr ee phylogenies with 150 leav es eac h and the corr esponding pr obabilities for a last-one-out scenario a gainst 1 − e −μ ( μ
= gene loss rate). The trees show various possibilities of species trees without assuming that those trees represent a real eukaryotic backbone tree. 
They show that the phylogeny itself has an influence on the probability of a last-one-out scenario, but that the overall probability is comparably high. 
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ncestor, one would expect to observ e dozens, hundr eds, or e v en
housands of last-one-out patterns in trees sampling 150 genomes
btained solely as the result of differential loss. Put another way,
 e w ould expect to observe last-one- out distributions at a fre-
uency that is not far off from the number of genomes in the tree.
hese cases would appear, in a gene phylogeny, as a single eu-
aryote (or group thereof) branching within prokaryotic homologs.
uch cases are observed with real data. 

hree test cases 

he sur prisingl y high pr obability to observ e a gene that is present
n the root node and only in one species or clade and lost in all
ther leaves of a tree offers a ne w a ppr oac h to inv estigate data
hat looks like evidence for LGT based on a r ar e or sparse gene dis-
ribution. Differential loss can—and will—produce last-one-out
atterns that look just like lineage specific LGT. It is therefore
ossible, if not probable, that some reports suggesting evidence
or LGT are perhaps last-one-out cases attributable to differen-
ial loss. We asked whether we could identify such cases in real
ata. In the follo wing, w e examine tw o studies that propose LGT
s the cause of last-one-out topologies. Our aim is not to challenge
hese specific papers, but simply to see if the model proposed here
r equiring onl y a tr ee , gene loss , and a specific case of gene dis-
ribution) can account for the data dir ectl y, without r ecourse to
GT. The aim of our study was to get an exact method to calcu-
ate the probability of observing such an e v ent under a loss-only
rocess. 

One recent study is very helpful. Cote-L’Heureux et al. ( 2022 )
ooked for lineage-specific presence of prokaryotic genes in eu-
ary otes that w ould pr ovide the str ongest possible e vidence, in
heir view, for the workings of LGT from prokaryotes to eukary-
tes . T hey sampled 13 600 gene families, 189 eukaryotic genomes
nd 540 eukaryotic transcriptomes, looking for recent lineage-
pecific LGT (topologies that we designate as last-one-out pat-
erns). Among the 13 600 eukaryotic gene families sampled, they
ound ∼94 putative cases of LGT that r epr esent a last-one-out pat-
ern, that is, a restricted single-tip distribution of a prokaryotic
ene in a eukaryotic genome or gr oup, whic h they inter pr eted as
tr ong e vidence for LGT. Our pr esent findings (Fig. 3 ) indicate that
n Cote-L’Heureux et al. ( 2022 ) the number of cases identified in
heir study (94) is very close to the lo w er bound of the expectations
or last-one-out topologies of similarly sized data sets, in which all
he last-one-out topologies can be accounted for by differential
oss alone, with no need to invoke LGT. 

One clear prediction of lineage-specific LGT versus loss for last-
ne-out cases is this: If lineage-specific acquisition is the mech-
nism behind the observed rare presence pattern for a eukary-
tic gene, then the acquisition would need to be e volutionaril y
ate (that is, a tip acquisition). T hat is , the prokaryotic donor and
he eukaryotic gene should share a higher degree of sequence



Bremer et al. | 5 

 

 

 

 

i  

p
 

l  

t  

f
p  

o  

a  

s  

o  

c  

c
o  

c  

e  

m
o  

a  

a  

n  

b  

i  

2

T
H  

G
t  

f  

u  

p
l  

a  

l  

t  

i  

i  

l  

l  

r  

f  

h  

g  

a  

a  

e  

g  

e  

o  

g
 

p  

s  

o  

j  

a  

t  

1  

b  

p  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/doi/10.1093/fem
sle/fnaf051/8140845 by U

niversity of C
anterbury user on 04 June 2025
similarity, on av er a ge, in comparison to genes that trace back to 
the eukaryotic common ancestor. This is the reasoning behind 

the analysis of Ku et al. ( 2015 ) and Ku and Martin ( 2016 ), who 
looked for evidence of recent acquisitions of prokaryotic genes 
in sequenced eukaryotic genomes. Ku et al. ( 2015 ) found that, in 

eukaryotic genomes, r ar e genes that hav e pr okaryotic homologs 
wer e not mor e r ecentl y acquir ed (that is, they wer e not mor e 
similar to prokaryotic homologs) than genes that tr ace bac k to 
the eukaryotic common ancestor, suggesting that their r ar e oc- 
currence is the result of differential loss rather than lineage- 
specific acquisition (Ku et al. 2015 , Ku and Martin 2016 ) (Fig. 4 a 
and b). 

Cote-L’Heureux et al. ( 2022 ) emplo y ed the same test, making 
the same kind of comparison that Ku et al. ( 2015 ) performed,
namely, the y look ed for cases in whic h the pr okary otic gene w as 
acquir ed r ecentl y b y the eukary otic lineage, using the criterion of 
sequence similarity. What they found was the distribution shown 

in Fig. 4 (c), namely that the cases they suspected to be LGTs were 
just as old, in terms of sequence div er gence, as genes that were 
acquir ed fr om the mitoc hondrion. In other w or ds, there w ere no 
ob viousl y r ecent acquisitions, as all of the prokaryotic genes that 
they inter pr eted as r ecent LGTs had the hallmark of ancient ac- 
quisition, just as Ku et al. ( 2015 ) suggested. Cote-L’Heureux et al.
( 2022 ) offered no explanation for the finding that genes they in- 
ter pr eted as r ecent acquisitions via LGT wer e just as ancient, in 

terms of sequence identity, as genes acquired from mitochondria 
(Fig. 4 c). One inter pr etation is that the genes in their LGT class 
were not LGTs after all but were the result of differential loss in- 
stead. Differ ential loss dir ectl y explains why suc h genes show just 
as m uc h sequence div er gence to pr okaryotic homologues (Ku et 
al. 2015 ) (Fig. 4 c) as genes present in the eukaryotic common an- 
cestor. LGT models would need to invoke an ad hoc corollary as- 
sumption of substitution r ate acceler ation for e v ery gene with a 
last-one-out pattern to account for the absence (Fig. 4 c) of eukary- 
otic LGTs having high ( > 70% ) sequence similarity to prokaryotic 
homologs. Differential loss requires no rate acceleration corol- 
lary. Furthermore, the model presented here closely predicts the 
frequency of observing last-one-out patterns under a variety of 
topologies and loss r ates, whic h becomes incr easingl y r ele v ant as 
new data point to a gene ric h mitoc hondrial ancestor (Leger and 

Gawryluk 2024 ). 
A second recent study provide an additional opportunity to 

test the method. We investigated a dataset of 332 budding yeast 
species published by Shen et al. ( 2018 ). They reported 365 distinct 
e v ents of horizontal gene transfer to yeast lineages . Of those , 230 
a ppear ed to be species-specific. Could those 230 cases also be the 
result of differential loss, unsuspected “last-one-out” cases? We 
analyzed the species tree provided in Shen et al. ( 2018 ) for “last- 
one-out” probabilities . T he authors reported that the last common 

ancestor of budding yeasts was similar to an archaetypal member 
of its sister subphylum Pezizomycetes with ∼10 000–13 000 genes.
We were therefore able to calculate the mean and median proba- 
bilities for a “last-one-out” and ther efor e the expected number of 
these e v ents (Fig. 5 ). The mean pr obability acr oss all possible loss 
rates in the interval between 0 and 1 for 1 − e −μ is r oughl y 0.0287 
and the median probability for this interval is 0.0229. If the last 
common ancestor of budding yeasts had 10 000–13 000 genes, this 
results in 287–373 genes being statistically the “last-one-out” for 
the mean probabilities and 229–298 “last-one-out” cases for the 
median probability. In comparison to the 230 analyzed cases that 
are supposed to be the result of LGT according to Shen et al. ( 2018 ),
the statistical probabilities of observing these “last-one-out” cases 
though differential loss (rather than LGT) is not unlikely at all, it is 
n a gr eement with the expectation, and our simple model is sur-
risingl y accur ate. 

As a thir d example, w e examined a dataset where differential
oss rather than LGT was reported to be the cause of last-one-out
opologies. Ku et al. ( 2015 ) clustered 956 053 protein sequences
rom 55 eukaryotic genomes across six supergroups and com- 
ared them to a total of 6 103 025 protein sequences from prokary-
tes across 1847 bacterial and 134 archaeal genomes . T hey found
 total of 2585 eukary ote–prokary ote clusters and 101 eukaryotic
ingletons [ Supplemental Table 9 in Ku et al. ( 2015 )] with prokary-
tic homologs . T he ancestral genome size of the last eukaryotic
ommon ancestor of this dataset comprises 2686 genes . T he cal-
ulation of last-one-out probabilities yielded a mean probability 
f 0.0967 and a median probability of 0.1057 (Fig. 6 ). Since the an-
estral genome size was 2686 genes for this dataset, one would
xpect on av er a ge 260 last-one-out cases and 284 cases using the
edian probability using our method; the 101 last-one-out cases 

bserv ed ar e fe wer than expected. In this example, our simple
lgorithm again works on real world data. Considering that this
lgorithm is based on a loss-only model of evolution, the lower
umber of observed cases compared to expected cases will likely
e the result of gene duplications , which pla y a significant role

n eukaryotic evolution (Scannel et al. 2006 , Hittinger and Carrol
007 , van de Peer et al. 2009 ), within this eukaryotic data set. 

he role of selection 

ow do gene duplications and selection figure into this issue?
ene duplications, genome duplications, and r ecurr ent duplica- 

ions leading to gene family expansions lead to growth of gene
amilies during evolution. Members of such families can, and do,
nder go differ ential loss in differ ent linea ges. For a gene that was
resent in the eukaryote common ancestor, and that underwent 

oss across eukaryotic lineages in such a manner as to generate
 last-one-out topology, the question arises about the role of se-
ection in that pr ocess. Clearl y, if the gene in question was essen-
ial during eukary ote ev olution, selection w ould have maintained
ts presence in all lineages. Losses indicate phases of evolution
n which the gene was r equir ed under some conditions for some
inea ges, with r elaxed or absent selectiv e pr essur es in others, al-
owing loss in some lineages but retention in others, possibly as a
esult of persistent selection or the gene having acquired a novel
unction. Such an example can be found in the evolution of F e–F e
ydr ogenases, wher e the gene is present and functional among
r een algal linea ges, whic h often experience anaer obiosis (Ha ppe
nd Kaminski 2002 ). Yet, during the transition to life on land in an
tmosphere of 21% O 2 , the gene lost its function in anaerobic en-
r gy metabolism, wher eby a duplicate of the F e–F e hydrogenase
ene acquired a new function in O 2 -sensing in the land plant lin-
age instead (Gould et al. 2019 ). Changing environments or de v el-
pmental contexts can alter the selective pressures that act upon
ene retention, gene loss, or gain-of-function (Li et al. 2019 ). 

Of course, it is also possible that selective pressures could, in
rinciple, lead to gene gain via LGT. What form of selection is
trong enough to cause LGT on time fr ames, wher e we can dir ectl y
bserve the effects? The experiment has already been done, we
ust need to tally the result—growth inhibitors . T he best known,
nd best studied, example of selection for LGT is the spread of an-
ibiotic resistance genes across bacteria in hospitals starting in the
950s, which led to the discovery of both plasmids and LGT among
acteria. A liter atur e searc h r eturns , for example , o ver 97 000 pa-
ers on bacteria ∗ and antibiotic ∗ and resistance ∗ with over 14 000
f those papers containing the search terms plasmid ∗ or transfer

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf051#supplementary-data
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Figure 4. Similarity of eukaryotic last-one-out cases to prokaryotic homologs. (a) Phylogenetic distribution of genes, where the eukaryotic gene is 
considered to be the result of LGT due to its high similarity to one prokaryotic homolog. (b) The eukaryotic gene does not have a substantially high 
similarity to its prokaryotic homologs. It can therefore not be the result of recent LGT and is more likely the result of differential gene loss. (c) 
Supplementary Figure 9 from Cote-L’Heureux et al. ( 2022 ) showing that genes assumed to be the result of LGT are at most 70% similar to their 
prokaryotic homologs . T his finding supports the “70% rule” of Ku and Martin ( 2016 ) and furthermor e shows that these cases ar e mor e likel y to be the 
result of differential loss instead of LGT. EGT: endosymbiotic gene transfer (genes acquired from chloroplasts or mitochondria); LGT: lateral gene 
transfer; and VGT: vertical gene transmission. 
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The " ∗" within the liter atur e searc h ar e wildcards that stand for
ny amount of possible characters). Though a small sample, this
nderscores a point w ell-kno wn among all microbiologists: bac-
eria immediatel y r espond to antibiotic selectiv e pr essur e by ac-
uiring resistance genes via LGT. Antibiotic resistance represents
 clear case of gene gain bringing selective benefit, in bacteria. Is
he same true for eukaryotes, where reports for LGT have recently
een r e vie wed (K eeling 2024 )? 
The closest eukaryotic equivalent to antibiotics in hospitals
ould be the use of fungicides in a gricultur e, whic h hav e been

n use for over a century (Russell 2005 ). Does the strong selective
r essur e exerted by fungicides also lead to LGT among fungi, a
roup for which reports of LGT have also been reviewed (Richards
nd Talbot 2013 )? A liter atur e searc h r eturns ov er 13 000 pa pers
n fung ∗ and fungicid ∗ and resistance ∗, yet only 12 of those pa-
ers contained the search terms “horizontal gene transf ∗” or “lat-

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf051#supplementary-data
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Figure 5. Probabilities of last-one-out cases across a spectrum of loss rates. 

Figure 6. Probabilities of last-one-out phylogenies across a spectrum of loss rates for a eukaryotic species tree of 55 genomes from Ku et al. ( 2015 ) with 
forced monophyly for eukaryotic groups using a concatenated alignment of five genes universally present in those 55 genomes. For species that were 
originally used in Ku et al. ( 2015 ) but do not have a r epr esentativ e in the RefSeq dataset, we c hose alternativ e genomes that ar e taxonomicall y near the 
original genomes. Alignments were generated using Multiple Alignment using Fast Fourier Transform (MAFFT) (Katoh et al. 2002 ), using the iterative 
refinement method that assimilates local pairwise alignment information (L-INS-i). The tree was constructed with IQ-Tree (Nguyen et al. 2014 ), using 
the best-fit model and forcing monophyly of eukaryotic groups described in Ku et al. ( 2015 ) and the tree was rooted with MAD (Tria et al. 2017 ). 
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ral gene transf ∗”and only one of those 12 papers reported a case
f phylogenetic evidence for LGT among fungi for a putative (not
ocumented) resistance gene against c y anate (Elmore et al. 2015 ).
he other 11 papers were mainly about fungicide-induced mobi-

ization of plasmids in bacteria. Fungicide resistance represents a
lear case where gene gain via LGT could bring (life-saving) bene-
t against a lethal selective pressure, but LGT is not observed. The
 elativ e fr equency of LGT e v ents conferring r esistance to gr owth
nhibitors (14 000 reported cases for bacteria, one possible candi-
ate case reported for fungi) suggests that bacteria and fungi re-
pond very differently to selection pressure generated by growth
nhibitors. How do fungi respond? 

Of course, resistance to fungicides is widespread and well-
nown in a gricultur e, as ar e r esistance to insecticides and herbi-
ides. Yet, the many known cases of r esistance a gainst fungicides,
nsecticides and herbicides do not entail LGT; instead, they involve
e novo point mutations in the target-site encoding genes (fungi-
ides), selection of polygenic metabolic resistance from standing
ariation (herbicides), and a combination of standing variation
nd de novo mutations in the target site or major metabolic resis-
ance genes (insecticides) (Hawkins et al. 2019 ). That is, humans
av e alr eady performed the experiment involving the a pplication
f strong selection pressure to prokaryotes (antibiotics in hospi-
als) and to eukaryotes (a gricultur al pests), and the result is gener-
ll y clear. Bacteria r espond by LGT of pr eexisting r esistance genes,
hile eukaryotes respond by de novo point mutations and sex-
al recombination of standing variation, at least in cases reported
o far. The pr esent compar ativ e example fr om the a pplication of
tr ong selectiv e pr essur e indicates that ther e is a fundamental dif-
er ence between pr okaryotes and eukaryotes with regard to their
endency to acquire genes via LGT in response to strong (lethal)
election. Ho w e v er, both pr okaryotes and eukaryotes do undergo
ene loss at high rates. 

As a cav eat, str ong selection for resistance is just one ecological
ontext. A liter atur e searc h for the searc h terms “fung ∗” and “hor-
zontal gene transf ∗” or “lateral gene transf ∗” returns over 1000
apers on fungal LGT (though none for resistance against fungi-
ides), and we are by no means suggesting that those 1000 pa-
ers, usually founded in genome comparisons and gene phyloge-
ies, and many invoking trait selection, are in error, collectively
r otherwise. Ho w e v er, a r ecent study r eexamined the str ength
f phylogenetic claims for LGT among fungi and found that only
bout 1.5% of trees that have been published as evidence for LGT
mong ascomycetes (the group of fungi that includes yeast) with-
tand critical inspection (Aguirr e-Carv ajal et al. 2025 ). If one ac-
epts phylogenetic evidence for LGT among eukaryotes, the lack
f abundant reports indicating eukaryotes to respond to strong
electiv e pr essur e with LGT of r esistance genes, while pr okary-
tes ob viousl y do r espond to selection with LGT, pr esents a puz-
ling observation. The ability of gene loss to generate last-one-out
opologies at sur prisingl y high frequencies, as we have demon-
tr ated her e, might help to r econcile some discr epancies and con-
ribute to solving the puzzle. 

onclusion 

parse gene distributions in eukaryotes are often inter pr eted as
vidence for gene acquisition via LGT from prokary otes. Ho w ever,
ene loss can generate the same patterns, but estimates for the
robability of observing a single gene at the tip of a phylogenetic
ree as the result of differential loss within a given clade, as op-
osed to LGT, have been lacking, because methods were not even
 vailable . Here , we ha ve derived the probability of observing such
ases, which we call last-one-out patterns, because under a loss-
nly model, the last gene to be lost looks like an instance of LGT.
he probability depends on the size and shape of the tree, and the

oss rate μ. We find that the probability of observing a last-one-out
opology can be (sur prisingl y) high. 

This is not to say that there is no LGT to eukaryotes at all. But if
GT to eukaryotes were as common as many reviews would have
s think, there have to be visible cumulative effects would have to
ccrue . T hat is , if we find a “new” gene in a eukaryotic lineage, and
f we assume that LGT is going on all the time during evolution,
hen eukaryotic genomes should become incr easingl y patc hwork
v er e volutionary time, whic h is exactl y what we see in pr okary-
tes: A typical bacterial or archaeal genome contains genes from
ll sorts of different donors (Nagies et al. 2020 ), and in prokary-
tes, the accessory genome (that component of the genome that
s constantly in flux) typically comprises about 20%–30% of an av-
r a ge genome, and al ways has, e v er since the first cells roamed the
cean floor 4 billion years ago (Trost et al. 2024 ). In eukaryotes we
ee cum ulativ e effects for differ ential loss, for example in the case
f the microsporidian Encephalitozoon cuniculi (Katinka et al. 2001 ),
 educed par asitic fungi with a 2.9 Mb genome (smaller than Es-
 heric hia coli ) or nucleomorph genomes, eukaryotic genomes that
ave shrunk to < 700 kb in size (Gilson 2001 ). But in eukaryotes,
e do not see cum ulativ e effects for LGT. How so? If eukaryotic

inea ges acquir ed just one new gene fr om pr okaryotes per million
ears , on a v er a ge, then after 1.5 billion years of eukaryote evo-
ution (Mills et al. 2022 ) separate eukaryotic super gr oups would
ach harbor roughly 1500 different prokaryotic genes each. If that
ere the case, genomes would have told us so by now. But that is
ot what we see. Eukaryotes hav e differ ent subsets of the same
ncestral collection of genes (Müller et al. 2012 , Ku et al. 2015 ,
rueckner and Martin 2020 ). Reviews of eukaryote LGT (Martin
017 , Keeling 2024 ) tend to cover case studies of single eukary-
te genes or single eukaryote genomes , that is , an odd gene here
r an odd genome ther e. Compar ativ e studies involving man y eu-
aryotic linea ges ar e still r ar e. No w that w e have a method to es-
imate the frequency of last-one-out topologies, we can compare
he expectation for observing such “LGT-like” topologies as a result
f differential loss . T he cases we tested here are fully consistent
ith the expectations for differential loss, alleviating the need to
ssume LGT involving curious mec hanisms, suc h as gene transfer
ia meteorites as vectors (Bergthorsson et al. 2003 ) as one promi-
ent study suggested. 

A simple algorithm applied to simulated eukaryotic trees pro-
ides estimates for the frequency of last-one-out patterns result-
ng from a loss only model that ar e slightl y higher than, but gener-
lly in good agreement with, observations from a recent study in
hich all last-one-out topologies were interpreted as evidence for
GT. Gene loss is a pr e v alent pr ocess in eukaryotic genome e volu-
ion. If one lineage can lose a given gene, others can as well. Gene
oss can, and does, generate patterns that look just like LGT. Even
or large data sets, the probability of last-one-out topologies can
e sur prisingl y lar ge , because , depending upon the tree , the num-
er of losses r equir ed to account for a last-one-out topology can
e small. 
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